The effect of an active synthetic N-terminal fragment of bovine parathyroid hormone (bPTH), bPTH-(1-34), on Ca2" channels was studied in mouse neuroblastoma cells (N1E-115). With the whole-cell variation of the patchclamp technique, T (transient) and L (long-lasting) types of Ca2+ currents were identified. Pharmacological characterization showed that the L current was amplified by the Ca21 channel stimulator BAY K-8644, but the T current was unaffected. The administration of bPTH-(1-34) produced doserelated inhibition of the L current, which could be reversed by BAY K-8644. The peptide had no effect on the T current. In addition, use of the fluorescent indicator fura-2 showed that bPTH-(1-34) inhibited the KCI-stimulated increase in intracellular free Ca21 in neuroblastoma cells with L channels but not in cells with T channels. An inactivated (oxidized) preparation of bPTH-(1-34) failed to affect the L current. Highaffinity binding of labeled PTH analog to these neuroblastoma cells was also demonstrated. In addition, bPTH-(1-34) inhibited the L current in cultured vascular smooth muscle cells from rat tail artery. These data indicate that, in some tissues, PTH can act as an endogenous blocker of Ca2+ entry.
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The actions of parathyroid hormone (PTH) on blood Ca2l regulation have been studied extensively. Its effects on various target organs (including bone, kidney, and gastrointestinal tract) involved in overall calcium balance have also been well documented. Pang et al. (1) have listed examples of additional actions of PTH and pointed out their similarities to those resulting from the stimulation of the ,B-adrenergic system. The vasodilatory action of PTH, however, has been examined in greater detail (2) (3) (4) . Various in vivo, in situ, and in vitro systems were used to establish the direct action and tissue specificity of PTH (5) . Studies with chemically modified preparations and synthetic fragments suggested that the amino acid sequence responsible for the vascular action might reside in the region of amino acids 24-28 (6) and might be distinct from the sequence responsible for the action on bone (7) . The mechanism of action on smooth muscle might involve adenylate cyclase stimulation (8, 9) and inhibition of Ca2+ entry (10) . In the rat tail artery, PTH inhibited the uptake of Ca2+ that is stimulated by KCI, [Arg8]vasopressin, and the Ca2+ channel agonist BAY K-8644 (10) . These data strongly indicate a possible role of PTH as a Ca2+ channel blocker in vascular smooth muscle.
The present study was undertaken to provide direct evidence of Ca2+ channel inhibition by PTH, using whole-cell (11) .
In particular, these cells can be cultured so as to selectively express predominately T-type or L-type Ca2" channels. Ca2" channels similar to L and T channels in neuroblastoma cells have been identified in arterial smooth muscle cells, including those from rabbit ear artery (12) , mesenteric artery (13) , and aorta (14) . In the present studies, BAY K-8644 also specifically amplified the L channels in the neuroblastoma cells, suggesting a similarity between the L channels of neuroblastoma cells and vascular smooth muscle cells. Further, a PTH-like substance has recently been demonstrated in neural tissues (15) (16) (17) . Therefore, it stands to reason that a study on the effect of PTH on a neural cell line can be important.
We recently demonstrated the presence of an L-type channel in cultured rat tail artery smooth muscle cells (18) , and in the present study these channels were also shown to be inhibited by PTH.
MATERIALS AND METHODS
T and L channel currents were measured in cultured neuroblastoma cells, as described (11) . In the first series of studies, BAY K-8644, a known Ca2l channel agonist, was tested for its ability to affect these Ca2+ channels. An active synthetic N-terminal fragment of bovine PTH, bPTH-(1-34), was tested for its effects on the T and L channels of neuroblastoma cells. The reversal of the bPTH-(1-34) effect by BAY K-8644 was analyzed in the same cells. To rule out any possible nonspecific effect of the peptide, an inactivated preparation of bPTH-(1-34) was also tested. Specific binding of bPTH-(1-34) by the neuroblastoma cells was then investigated. The effect of bPTH-(1-34) on intracellular free Ca2+ was determined. L channels were recently identified in cultured rat tail artery smooth muscle (18) , although this channel was previously reported to be undetectable in such cells (19) . The effect of bPTH-(1-34) on these L channel currents was also analyzed. Specific methods are described below.
Ca21 Channel Current Recording in Neuroblastoma Cells.
The whole-cell variation of the patch-clamp technique (20) was used. The pipettes had resistances of 2-15 Mf. Membrane current recordings were made with an Axopatch-iB (Axon Instruments) patch-clamp amplifier. All signals were filtered at 1 kHz and stored on diskettes by using a digital oscilloscope (Nicolet 206) and its associated disk drive. Since the peak currents measured with 20 mM Ba2+ as the charge carrier were usually small (-200 pA) and the series resistance was usually <10 MQ, the voltage error was <2 mV. Hence, series resistance compensation was not usually employed. If the capacitive transient overlapped with the onset of the inward current, or if the spatial voltage control was inadeAbbreviations: PTH, parathyroid hormone; bPTH, bovine PTH; BSA, bovine serum albumin.
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Proc. Natl. Acad. Sci. USA 87 (1990) quate (i.e., NlE-115 cells with long neural outgrowths), the experimental data were rejected. Unless otherwise specified the current-voltage plots were constructed by using the peak values (corrected for leakage) from the original records for both T and L channel currents. The holding membrane potential was fixed at -80 mV when the T channels were under investigation, or at -40 mV when the L channels were 
Ca2+ Channel Current Recording in Cultured Vascular
Smooth Muscle Cells from Rat Tail Artery. The method for current recording was essentially the same as for neuroblastoma cells. The only differences were in the compositions of the bath and pipette solutions. The bath solution contained 20 mM BaCl2, 105 mM Tris, 5 mM KCI, 5 mM CsCl, 0.5 ,uM tetrodotoxin, 20 mM Hepes, 20 mM tetraethylammonium chloride, and 20 mM glucose. The electrode solution consisted of 70 mM dicesium aspartate, 2 mM Na2ATP, 5 mM dipotassium succinate, 5 mM potassium pyruvate, 5 mM MgCl2, 5 mM disodium phosphocreatine, 15 mM Hepes, 10 mM EGTA, 25 mM glucose, and creatine kinase at 50 units/ml. This internal solution was helpful in maintaining the inward currents for 30 min or longer. The osmolarity of all solutions was adjusted to 310-320 mosM.
Neuroblastoma Cell Culture. Mouse neuroblastoma cells (NlE-115) were cultured in Dulbecco's modified Eagle's medium (GIBCO) containing 10% fetal bovine serum at 37°C in a humidified atmosphere of 5% CO2 in air. The medium was changed every 3-4 days. After mechanical agitation, 3 x 104 cells were replated in 35-mm tissue culture dishes containing 4 ml of bath solution. After cell attachment, the dish was mounted on the stage of an inverted phase-contrast microscope (Nikon) for Ca2+ channel current recording (21) . These cells expressed predominately T channel currents. In experiments where L channels were specifically sought, the cells were grown and maintained at confluence for 3-4 weeks under the same culture conditions with the addition of 2% (vol/vol) dimethyl sulfoxide. Three to five days before use, the cells were replated with the same medium (11, 22) . These cells expressed predominately L channel currents. A small number of these cells also expressed T channel currents. Hence, cells were selected so that at a holding potential of -40 mV, the T channel component was very small and the inward current measured was conducted predominantly via L channels.
Vascular Smooth Muscle Cell Culture. Male SpragueDawley rats (100-200 g) were anesthetized with sodium pentobarbital (65 mg/kg of body weight, intraperitoneally) and the tail artery was dissected out and cleaned free of connective tissues in cold low-Ca2+ (0.2 mM) Hanks' balanced salt solution (HBSS, from GIBCO). Under a laminar-flow hood, the artery was cut open longitudinally and left at 4°C in low-Ca2+ HBSS for 30 min. The medium was then changed to enzyme solution 1 [HBSS containing collagenase/dispase (1.5 mg/ml, Boehringer Mannheim), elastase (0.5 mg/ml, Sigma type II-A), trypsin inhibitor (1 mg/ml, Sigma type I-S), and bovine serum albumin (BSA, 2 mg/ml, fatty acid-free, Sigma)]. After 60 min, the medium was changed to enzyme solution 2 [HBSS containing collagenase (1 mg/ml, Sigma type II), trypsin inhibitor (0.3 mg/ml), and BSA (2 mg/ml)] for another 60 min. All incubations were carried out under 5% CO2 in air at 37TC. The arteries were then triturated with a firepolished Pasteur pipette. The cell suspension was kept at 40C, and Ca2+ was added in a stepwise manner over 40 min to give a final concentration of 2.0 mM. The cells were subsequently plated in 35-mm culture dishes in DMEM. To facilitate cell attachment, 10%o fetal bovine serum was added only after the first 4-6 hr of culture. The cells were used 8-36 hr later. Cell viability was tested by trypan blue exclusion (23) . Under phase-contrast optics, these cells contracted in the presence of norepinephrine (10 KM 1251-labeled PTH analog was purified with a C18 Sep-Pak column (Waters), which was washed first with 10 ml of 80% acetonitrile/0.02% trifluoroacetic acid, second with 10 ml of 0.1% trifluoroacetic acid, and finally with 10 ml of 0.1 M sodium phosphate buffer (pH 2.7). The reaction mixture was then loaded on the Sep-Pak column. Contaminants (especially unreacted 125I) were removed by washing the column first with 10 ml of 0.1 M sodium phosphate (pH 2.7), next with 10 ml of 0.1% trifluoroacetic acid and finally with 10 ml of 20% acetonitrile/0.08% trifluoroacetic acid. 1251-labeled PTH analog was then eluted with three 1-ml washes of 80% acetonitrile/0.02% trifluoroacetic acid.
The integrity of the '25I-labeled ligand was checked by examining specific binding to canine renal membranes, prepared as described (24) . In this preparation, 60-70% of the bound 125I-labeled PTH analog (at nanomolar concentrations) was displaced by excess (1-3 ,M) unlabeled PTH analog.
Preparation of neuroblastoma membranes. Neuroblastoma cells cultured with 2% dimethyl sulfoxide were dislodged from culture dishes by gently pipetting medium over them. Cells were then transferred to centrifuge tubes and pelleted by centrifugation at 1000 x g for 10 were maximal at -20 to -10 mV. Complete inactivation of these inward currents occurred within the 200-msec test pulse. The peak current-voltage (I-V) relationship of the T channel current in one cell is shown in Fig. 1A .
In cells cultured with dimethyl sulfoxide, L channel currents were most often recorded. The holding potential was set at -40 mV and stepwise depolarization evoked long-lasting inward Ba2+ currents. During the 200-msec period of depolarizing pulse, the L channel currents did not inactivate. Fig.  1B shows the I-V relationship of the L channel current in a cell with primarily L channels. BAY K-8644 at 5 ,uM almost doubled the Ba2+ currents through the L channels. Tail currents were also amplified, but there was no shift in the I-V relationships after addition of BAY K-8644. The leakage currents were also slightly increased, and the time-to-peak for the inward current was unchanged. BAY K-8644 had no effect on T channel currents.
Sensitivity of L and T Channels of Neuroblastoma Cells to bPTH-(1-34). The T current was unaffected by bPTH- (1-34) or BAY K-8644. The L current, however, was inhibited by bPTH-(1-34), and this effect was reversed by subsequent addition of BAY K-8644. La3+ blocked both T and L channel currents (data not shown). The effects of bPTH-(1-34) were dose-related (Fig. 2) . The threshold for inhibition was 0.1 ,uM, with 80% inhibition at 10 ,M. Previous studies showed that oxidized bPTH-(1-34) had no detectable vascular action (7) . In the present investigation, oxidized bPTH-(1-34) had no effect on the L channel current, although subsequent addition of untreated bPTH-(1-34) to the same cell inhibited the L channel current (data not shown).
Effect of bPTH-(1-34) on Cultured Vascular Smooth Muscle. We recently characterized the T and L channels in vascular smooth muscle cells from rat tail artery (18) . In the present study, 0.1 and 1 ,uM bPTH-(1-34) reduced the L current (Fig. 3) . This effect was reversed by treatment with BAY K-8644 (data not shown). binding exhibited saturation (Fig. 4) . Scatchard analysis yielded Kd Ca2+ in response to a 15 mM KCI stimulus by about 80% in cells that expressed predominately L channels as determined by patch-clamp studies described above. In cells that expressed T channels, bPTH-(1-34) (0.243 ,uM) had no effect on the KCl-stimulated increase in intracellular Ca2+ (Fig. 5) . DISCUSSION Recent studies from our laboratory suggested that PTH might produce vasorelaxation by inhibiting Ca2' entry into vascular smooth muscle cells determined by the low-affinity La3+-resistant method (10) . The low-affinity, La3+-resistant pool size of Ca2+ reportedly reflects the rate of Ca2+ entry into cells (26, 27) . It was therefore postulated that PTH might behave like a Ca2+ channel blocker. The present study was undertaken to test this hypothesis. Our data indicate that bPTH-(1-34) inhibited L-type Ca2+ channel activity. The lack of effect on T-type Ca2+ channels shows the specificity of the PTH effect. The specific effect of BAY K-8644 on L channels of neuroblastoma cells in the present study parallels that seen in vascular smooth muscle. In vascular smooth muscle cells, it has been suggested that T channels might be related to action-potential generation and L channels to stimulus-contraction coupling. BAY K-8644 elicited dose-dependent contractions in rat tail artery (10) . Since Ca2+ channels may deteriorate with time during the course of recording, it is sometimes difficult to be certain that the inhibitory effect of a drug is not an artifact of channel deterioration. In our studies, the effect of bPTH-(1-34) was reversible by subsequent treatment with BAY K-8644 in the same cells. Further, to be sure that the inhibitory effect of bPTH-(1-34) on the L channels was not due to some nonspecific effect ofthe peptide, an inactive form ofbPTH-(1-34) was tested (7) . Indeed, in neuroblastoma cells, oxidized bPTH-(1-34) had no inhibitory action on the L channels, which could subsequently be blocked by administration of intact bPTH- We conclude that PTH is an endogenous Ca2+ channel blocker in vascular smooth muscle. Such blockade would reduce Ca2+ entry into cells, as was found in Ca2+ flux studies (10) . This is probably the most definitive evidence one can provide for this possible mechanism of action of PTH on vascular smooth muscle. However, this may not be the only mechanism of action of PTH. In different target tissues, PTH may have different receptors and different cellular mechanisms of action. Our present studies suggest that Ca2+ channel blockade may be involved in vascular smooth muscle relaxation. However, in cardiac tissue, PTH had positive chronotropic and positive inotropic actions (29) , which could perhaps be correlated with a stimulation of slow Ca2+ currents (30) . This would appear to be quite different from the action of PTH on vascular smooth muscle.
Although the inhibitory effect of PTH on the L channels in vascular smooth muscle has now been demonstrated, it is still not clear how the peptide produces such an effect. It is known that PTH stimulates the adenylate cyclase system in vascular tissues. However, the relationship between cAMP generation and the Ca2+ channel blockade reported here is not clear. There are no data relating to the possible temporal sequence of these two cellular events. Ca2+ is closely involved in smooth muscle contraction. A decrease in cellular free Ca2+ as a result of Ca2+ channel inhibition may explain the vasorelaxing action of PTH.
Synthetic compounds that act as Ca2+ channel blockers are important for research and are also of therapeutic use. Because of the very high concentration gradient for free Ca2+ between intra-and extracellular environments, tightly controlled Ca2+ entry is essential for cells to function properly. The synthetic Ca2+ blockers exert their effect at the channel level. Since Ca2+ entry is such a physiologically important cellular process, it stands to reason that living organisms must have endogenous substances responsible for its regulation. If these substances act through receptors, specificity for the controlling system can then provide more precise regulation. The present study shows that PTH plays such a role in vascular smooth muscle. 
